Although the serotonin (5-hydroxytryptamine, 5-HT) neurotransmitter system has been implicated in modulating executive control processes such as attention, response inhibition, and behavioral flexibility, the contributions of particular serotonin receptors remain unclear. Here, using operant-based behavioral paradigms, we demonstrate that mice with genetically ablated 5-HT 2C receptors (2CKO mice) display deficits in executive functions. 2CKO mice were impaired in the acquisition of a visuospatial attention task as assessed in the 5-choice serial reaction time task (5-CSRTT). In this task, 2CKO mice exhibited marked impairment of attentional processes, with normal response inhibition. We assessed dynamic changes in neurotransmitter levels within the nucleus accumbens (NAc) by in vivo microdialysis in task-performing animals. Extracellular dopamine concentrations were elevated in the NAc of 2CKO mice during task performance, indicating that 5-HT 2C receptors impact dopamine homeostasis during a visuospatial attention task. These findings raise the possibility that disinhibition of mesolimbic dopamine pathways contributes to impaired attention and perturbed task performance in 2CKO mice. Additionally, in a spatial reversal learning task, 2CKO mice failed to improve their performance over a series of reversals, indicating that intact 5-HT 2C receptor signaling is required to accurately respond to repeated changes in reward contingencies. In contrast to the 2CKO phenotype in the 5-CSRTT, wild-type mice treated with the 5-HT 2C receptor antagonist SB242084 exhibited diminished response inhibition, suggesting differing effects of acute pharmacological blockade and constitutive loss of 5-HT 2C receptor activity. Altogether, these findings provide insights into the serotonergic regulation of executive control processes and suggest that impaired 5-HT 2C receptor signaling during development may predispose to executive function disorders.
INTRODUCTION
Executive function refers to a collection of processes that exert control over cognitive capacities such as the ability to attend and focus (eg, divided and sustained attention), to suppress behavior (response inhibition), and to modify behavior according to changing demands (behavioral flexibility). Dysfunctions in executive control processes are core features in a range of neuropsychiatric and neurological disorders, including attention-deficit/hyperactivity disorder (ADHD), depression, obsessive-compulsive disorder, schizophrenia, and Tourette's syndrome (Doyle, 2006; Floresco and Jentsch, 2010; Simpson et al, 2010) . Clinical and preclinical data suggest that serotonin (5-hydroxytryptamine, 5-HT) system activity impacts executive control processes (Chamberlain et al, 2006; Cools et al, 2008; Fineberg et al, 2010) . A number of preclinical reports indicate that reducing the availability of brain serotonin produces behavioral inflexibility and impulsivity, whereas the effects on attentional functioning are less clear (Harrison et al, 1997; Clarke et al, 2004; Winstanley et al, 2004; Floresco and Jentsch, 2010; Angoa-Perez et al, 2012) .
It has been challenging, however, to elucidate the relevant signaling pathways and mechanisms, especially due to the heterogeneity of the serotonin system, which includes at least 14 distinct receptor subtypes. Among the implicated receptors, the 5-HT 2C receptor subtype has been linked to neuropsychiatric disorders (Giorgetti and Tecott, 2004; Drago and Serretti, 2009 ) and has emerged as a possible contributor to the regulation of executive functions (Tsaltas and Boulougouris, 2011) . Administration of the 5-HT 2C receptor antagonist SB242084 increased premature responding in the 5-choice serial reaction time task (5-CSRTT), a paradigm used to evaluate the features of behavioral control, including visuospatial attention, response inhibition, and reaction latencies in animal models (Winstanley et al, 2004; Fletcher et al, 2007a; Robinson et al, 2008) . In contrast, administration of another 5-HT 2C receptor antagonist (SER-082) did not alter impulsive behavior in the same task (Koskinen et al, 2000; Talpos et al, 2006) . A potential role for 5-HT 2C receptors in attention is also supported by the analysis of genetically modified mice modeling the Prader-Willi syndrome (PWS). These animals express less active 5-HT 2C receptor isoforms and display an attention deficit in the 5-CSRTT (Doe et al, 2009; Relkovic et al, 2010) . In addition, 5-HT 2C receptors have been implicated in behavioral flexibility, which is commonly examined by administering reversal learning tasks that assess the ability of animals to shift responding from a previously learned to new stimulus-reward contingencies (Boulougouris et al, 2008; Boulougouris and Robbins, 2010) .
The 5-HT 2C receptor has been revealed to mediate the inhibitory effects of serotonin on both mesolimbic and nigrostriatal dopaminergic pathways (Alex and Pehek, 2007; Di Giovanni et al, 2008) . Pharmacological and genetic inactivation of 5-HT 2C receptors causes electrophysiological, neurochemical, and behavioral phenotypes consistent with disinhibition of these pathways (Gobert et al, 2000; Hutson et al, 2000; Rocha et al, 2002; Abdallah et al, 2009) . Numerous studies in humans, non-human primates, and rodents have established the existence of an inverted U-shaped relationship between executive function and dopaminergic activity, with either too much or too little activity resulting in performance deficits (Zahrt et al, 1997; Granon et al, 2000; Clatworthy et al, 2009 ). This raises the possibility that 5-HT 2C receptors could impact executive function by modulating dopamine neurotransmission.
The interpretation of drug studies of 5-HT 2C receptor's effects on behavior is complicated by potential limitations in receptor subtype selectivity and duration of action of pharmacological agents. In addition, the 5-HT 2C receptor has a diverse spectrum of pharmacological properties, including constitutive (ligand-independent) activity, pleiotropic intracellular signaling effects, and agonist-directed trafficking of receptors (Werry et al, 2008) . Therefore, it is not surprising that different pharmacological agents elicit varying physiological and behavioral effects (Navailles and De Deurwaerdère, 2011) , as reported for the two 5-HT 2C receptor antagonists whose effects were investigated in the 5-CSRTT. To complement such pharmacological studies, we assessed mice with genetically inactivated 5-HT 2C receptors (2CKO mice; Tecott et al, 1995) for their performance in the 5-CSRTT and in a serial spatial discrimination and reversal learning (SD/SR) task. 2CKO mice have been validated to be devoid of functional 5-HT 2C receptors and they have been extensively characterized in diverse assays of behavior and physiology (Tecott et al, 1995; Lopez-Gimenez et al, 2002; Bonasera, 2011) . This approach allowed us to examine the impact of 5-HT 2C receptor inactivation on task acquisition, as pharmacological manipulations are typically conducted after subjects have been successfully trained on a given task (eg, after reaching stable baseline performance on the 5-CSRTT). Furthermore, in light of evidence that central dopaminergic pathways impact executive control processes and that 5-HT 2C receptors modulate these pathways, we examined the effects of 5-HT 2C receptor loss on dopamine dynamics using in vivo microdialysis during performance in the 5-CSRTT.
MATERIALS AND METHODS

Animals
Adult male mice hemizygous for a null mutation of the X-linked 5-HT 2C receptor gene (2CKO) and wild-type (WT) littermates congenic on a C57BL/6J background were used in this study (Tecott et al, 1995) . The mice were housed in a controlled environment on a 12-h light/dark cycle (lights on at 0700 hours). Behavioral testing was carried out between 1100 and 1700 hours during the animals' light phase. During the experimental period, mice were placed on a 22-h water deprivation schedule with standard laboratory chow available ad libitum, except during testing sessions. This procedure maintains mice at B90% of their free-feeding/ drinking body weight and has been shown to maximize task motivation and performance in mice (Humby et al, 2005) . All experiments were performed in accordance with the guidelines of the National Institutes of Health Guide for Care and Use of Laboratory Animals and the University of California, San Francisco Institutional Animal Care and Use Committee.
Behavioral Apparatus
Training and testing were conducted in four mouse operant conditioning boxes located within light-and soundattenuated chambers (Med Associates, St Albans, VT, USA). All boxes contained a curved rear wall equipped with five holes, each with a photocell beam located at the entrance to detect nose-poke responses. A 3-W stimulus light was located at the rear of each hole. The opposite wall was equipped with a magazine connected to a dipper for automatic delivery of a liquid reward (10% solution of condensed milk, Nestle, USA). An infrared photocell beam crossing the entrance of the food magazine recorded head entries into the magazine. Above the food magazine, the house light was situated, which was normally turned off during testing. The apparatus was controlled by a Smart Ctrl Package (8IN/16OUT) by MedPC-IV software for Windows, running a modified mouse version of the MED State Notation SOF-700RA-8A for the 5-CSRTT (Med Associates), or an in-house programmed serial SD/SR task version.
Behavioral Procedures
General guidance for habituation and training of rodents on operant nose-poke paradigms can be found in recent protocol articles (Humby et al, 2005; Bari et al, 2008) . Detailed methods used in this study are provided in the Supplementary Material.
5-CSRTT training. After an animal was successfully trained to respond to a stimulus light in the center hole to trigger reward release (one-choice task), the test chamber was configured for the 5-CSRTT so that all five nose-poke holes were accessible. The animal was then required over a large number of consecutive trials (a training session lasted for 100 trials or 25 min, whichever came first) to detect a brief visual stimulus that was pseudorandomly presented in one of the five horizontally arrayed holes. Only a nose-poke response into the correct spatial location within a short predetermined period (limited hold ¼ LH) allowed reward access. Responses made prior to the presentation of the stimulus (during the inter-trial interval ¼ ITI) were considered as premature responses reflecting a type of motor impulsivity, defined as 'the inability to withhold from making a response'. Premature responding, responding into a hole different from the one that had been illuminated (incorrect response), and errors of omission (no response within the LH), each resulted in a 5-s time-out period. To proceed to the next training stage, a mouse had to meet the performance criterion over two consecutive sessions, until the final baseline criterion with stimulus duration (SD ¼ 1 s) was reached (see Supplementary Table S1 ).
The main performance measures were the total number of trials, accuracy (ratio of correct responses/correct þ incorrect responses), omissions (ratio of omission errors/ correct þ incorrect responses þ omissions), premature responses (ratio of premature responses/the total number of trials), correct response latency (elapsed time from stimulus onset till a correct response was made), and reward latency (elapsed time from a correct response till the collection of the reward). In addition, perseverative responses (additional responses in any nose-poke hole after a correct response was already made) were recorded, although not punished with a time-out. For full details and analysis methods, see Supplementary Material.
Serial spatial SD/SR task. The serial spatial SD/SR task used in this study was adapted from an instrumental twolever task previously described in rats (Boulougouris et al, 2008) . Operant conditioning boxes were configured to accommodate a two-hole discrimination task, where nosepoking was only possible in two spatial locations. In this procedure, a stimulus light was presented in two locations at the same time (LH ¼ 60 s) and the animals had to learn that nose-poking in either the left or the right hole was associated with reward delivery, whereas a response at the other location triggered a 5-s time-out period. After a response, both stimulus lights extinguished and a new trial was initiated after a 2-s ITI. The position of the reinforced nose-poke hole was kept constant for each mouse, but was counterbalanced between subjects and genotypes. Each session lasted for 20 min or consisted of a maximum of 80 trials, with one session per day. To complete the initial discrimination phase, mice were required to achieve a criterion of eight consecutive correct responses within a session, after which the run automatically stopped.
For reversal learning sessions, animals were again required to recall the initial learned discrimination by achieving the same criterion of eight consecutive correct responses. After the animals completed the retention phase, they were subjected to the reversal (within-session reversal). From this point on, the new reinforced location stayed the same until the subject successfully acquired the reversal criterion of eight consecutive correct responses within a session. A total of three reversals were given.
The number of trials to the criterion, the number of incorrect responses (errors) to the criterion, and the percentage of omitted trials (no response within the LH) were determined. Furthermore, errors made during the reversal stages were broken down into two types: perseverative errors (six or more consecutive errors within a session) and learning errors (all other errors) (Boulougouris and Robbins, 2010) .
Drugs
Following establishment of stable 5-CSRTT baseline performance, the selective 5-HT 2C receptor antagonist SB242084 (Tocris Bioscience, Ellisville, MO, USA) was administered using standard (5 s ITI) and increased ITI (7 s) conditions. Each manipulation was performed after two consecutive days of stable baseline performance. SB242084 was dissolved in 0.9% NaCl containing 8% hydroxypropyl-bcyclodextrin and 25 mM citric acid, and the pH was adjusted using 0.1 M NaOH. The dosing volumes were 3 ml/kg, administered intraperitoneally 30 min before testing. Drug administrations were counterbalanced for genotype according to a Latin-square crossover drug design.
In vivo Microdialysis
Following drug administration studies, animals were prepared for the in vivo microdialysis experiment. I-shaped dialysis probes (NO-NM-PAN 6/1, polyacrylonitrile membrane, 1 mm exposed; Brainlink, Groningen, The Netherlands) were stereotactically implanted into the nucleus accumbens (NAc) under anesthesia (2% isofluorane and O 2 ; analgesia: marcaine (0.5% topical) and carprofen (5 mg/kg s.c. pre-operation)), according to the following coordinates relative to bregma: AP þ 1.4 mm, L À 0.9 mm, DV À 4.5 mm. The probes were permanently fixed to the skull using stainless steel screws and dental cement. After surgery, the animals were housed individually and after a recovery period of 48 h they resumed testing on the 5-CSRTT. After 2-3 days of added training, a final performance day with sampling collection was initiated: The probes were first perfused with artificial cerebrospinal fluid containing 147.0 mM NaCl, 3.0 mM KCl, 1.2 mM MgCl 2 , and 1.2 mM CaCl 2 , at a flow rate of 1.5 ml/min (Harvard Apparatus Pump, South Natick, MA, USA). After a 2-h stabilization period, microdialysis samples were collected at 10-min intervals in HPLC vials containing 15 ml of 0.02 M formic acid for analysis. After collection of three basal samples in their home cage, animals were transferred to the operant conditioning chambers and the 5-CSRTT was initiated. After a 30-min 5-CSRTT session (corresponding to three task samples), the animals were returned to their home cage and monitored for additional 40 min (collection of four post-task samples). At the end of the sampling period, animals were killed. Perfusate analysis was carried out by liquid chromatography combined with tandem mass spectrometry (see Supplementary Material for detailed information). Within the same sample, dopamine, norepinephrine, and serotonin levels were analyzed.
RESULTS
A first cohort of 12-weeks-old WT (N ¼ 22) and 2CKO (N ¼ 18) mice were subjected to water deprivation and trained on the 5-CSRTT over the course of 6 months. A second cohort of 25-weeks-old WT (N ¼ 12) and 2CKO (N ¼ 14) mice were trained on the serial SD/SR task. Four mutant mice in the 5-CSRTT cohort and two mice in the Impact of serotonin 5-HT 2C receptors on executive function L Pennanen et al SD/SR cohort died before finishing the experiments (no spontaneous death occurred in WT mice), and data from these animals were excluded from the analysis.
5-CSRTT
Acquisition to baseline. To study the consequences of constitutive 5-HT 2C receptor deficiency on independent measures of behavioral control, including visuospatial attention and response inhibition, we first investigated the performance of 2CKO mice in the 5-CSRTT. Initial habituation training and shaping sessions in the operant conditioning chambers revealed no significant genotype differences (data not shown). In addition, both groups accomplished the one-choice task in less than 10 sessions on average (WT: 9.1 ± 1.1, 2CKO: 9.8 ± 1.1; Mann-Whitney U test, p40.28, Figure 1a ) and were similar in all parameters measured. Overall, these results indicate that the required cognitive, sensory, and motor abilities to perform the task were not impaired by global inactivation of 5-HT 2C receptors.
In contrast, a significantly higher percentage of 2CKO mice failed to acquire the baseline performance criterion (SD ¼ 1 s) on the 5-choice version of the task (WT mice: 9.1% (2/22), 2CKO mice: 32.9% (6/14); w (Figure 1b) . Additionally, those 2CKO mice that reached the baseline criterion required significantly more sessions than WT mice (87.3±12.7 vs 60.7±5.6, MannWhitney U test, po0.015, Figure 1c) . Detailed analysis over the acquisition period using a linear mixed model with genotype and training stage as fixed effects revealed a significant effect of training stage on all parameters measured. In contrast, no genotype Â training stage-specific interaction was detected, indicating that both genotypes adapted similarly to the task during training as the stimulus durations decreased. However, there was a significant increase in omission errors in 2CKO mice (main effect of genotype, F 1,30.93 ¼ 9.12, po0.005, Figure 2a) , with a strong trend towards a genotype Â training stage interaction (F 1,241.62 ¼ 1.86, po0.07). Overall, during the 5-CSRTT training, 2CKO mice failed to reach the omission criterion in 82% of all sessions, whereas WT mice missed the criterion in 60% of all sessions (F 1,17 ¼ 8.05, po0.012, Figure 2b ). No phenotypic differences were detected for the percentage of accuracy (main effect of genotype, F 1,33.51 ¼ 1.59, p40.21), the total number of trials (F 1,35 Figure S1 ) and in reward latency (main effect of genotype, F 1,38.00 ¼ 6.52, po0.015, Figure 2c ), suggesting intact motivation to complete the task. Thus, the impaired acquisition performance of 2CKO mice is primarily caused by their higher rate of omission errors that cannot be explained by insufficient motivation.
Effect of SB242084. We did not observe abnormal premature responding in 2CKO mice during task acquisition or at baseline performance. In contrast, treatment with the selective 5-HT 2C receptor antagonist SB242084 has previously been reported to increase premature responding in the 5-CSRTT (Winstanley et al, 2004; Fletcher et al, 2007a; Robinson et al, 2008) . We therefore assessed whether SB242084 mediates its intrinsic effects on impulsivity indeed through 5-HT 2C receptor signaling. In a first experiment (ITI ¼ 5 s), animals received either vehicle or SB242084 (0.25 and 0.5 mg/kg) 30 min before task onset. The results are summarized in Supplementary Table S2. SB242084 induced a significant increase in the percentage of premature responses (main effect of drug, F 2,42 ¼ 3.78, po0.031, Figure 3a) . Post hoc pairwise comparison revealed that, at the higher dose, the drug selectively increased impulsive responding only in WT mice (po0.008), but not in the 2CKO group. In addition, a significant decrease in Impact of serotonin 5-HT 2C receptors on executive function L Pennanen et al omission errors was noted (main effect of drug, F 2,42 ¼ 8.55, po0.001). Subsequent analysis revealed that both doses significantly decreased omission errors in WT (0.25 mg/kg: po0.001; 0.5 mg/kg: po0.003), but not in 2CKO mice. In a second experiment the effects of a 0.5-mg/kg dose of the drug were evaluated under a prolonged ITI condition, which typically initiates a higher anticipatory rate in rodents. Under this condition, a significant increase in premature responding was observed in WT, but not in 2CKO mice (main effect of drug, F 1,20 ¼ 4.45, po0.048; main effect of genotype, F 1,20 ¼ 6.29, po0.021; but no genotype Â drug interaction, F 1,20 ¼ 2.93, p40.10, Figure 3b ; Supplementary Table S2 ). These findings suggest that the SB242084-induced increase in premature response behavior does reflect involvement of 5-HT 2C receptors in the regulation of this indicator of impulsivity.
In vivo microdialysis. Next, we examined monoamine neurotransmitter dynamics during 5-CSRTT performance. We choose to target the ventral striatum, as (1) optimal function of this region is crucial for 5-CSRTT performance (Cole and Robbins, 1989) , (2) it is a major target area of the mesolimbic dopamine pathway, and (3) pharmacological manipulation of 5-HT 2C receptor signaling in the NAc impacts both 5-CSRTT behavior and dopamine activity (Robinson et al, 2008; Navailles and De Deurwaerdère, 2011) . The absolute monoamine concentrations are provided in Supplementary Table S3 . Basal neurotransmitter levels, recorded in the home cage prior to the transition to the operant conditioning chambers, revealed no differences in dopamine (F 1,14 ¼ 0.13, p40.72) and norepinephrine (F 1,14 ¼ 2.59, p40.13) levels between the two groups. However, basal serotonin concentrations were enhanced in the NAc of 2CKO mice (F 1,14 ¼ 11.98, po0.004) (Supplementary Figure S2) .
The effects of 5-CSRTT performance on dopamine and serotonin levels are shown in Figure 4 . A two-way ANOVA (task phase Â genotype) on the area under the curve values (Figures 4a and c) . Post hoc analysis indicated that dopamine efflux significantly increased during task performance only in 2CKO mice (po0.002). In addition, extracellular dopamine concentrations remained elevated in 2CKO mice after the animals had returned to their home cage (po0.04). Task performance also impacted the serotonin system, as we observed a modest reduction in extracellular serotonin compared to basal levels (F 1.66,18.4 ¼ 4.55, po0.028) (Figures 4b and d) 
Serial Spatial SD/SR Task
Because 5-HT 2C receptor signaling has also been implicated in reversal learning (Boulougouris et al, 2008; Boulougouris and Robbins, 2010) , we examined the performance of 2CKO and WT mice on a serial SD/SR task. As for the 5-CSRTT, initial habituation training and shaping sessions in the operant conditioning chambers (data not shown), as well as training on the one-choice task (sessions to criterion; WT: 10.5 ± 0.6, 2CKO: 10.8 ± 0.9; F 1,23 ¼ 0.04, p40.84), did not reveal any significant differences between the two genotypes. Moreover, both groups readily acquired the performance criterion for the two-hole spatial discrimination challenge, as measured by the total number of trials (WT: 71.8±12.2, 2CKO: 84.0±18.4; F 1,23 ¼ 0.06, p40.80) (Figure 5a ) and the number of incorrect responses (WT: 32.6 ± 5.9, 2CKO: 27.1 ± 6.7; F 1,23 ¼ 0.06, p40.81) (Supplementary Figure S3a) . In addition, retention of the previously acquired discrimination and of subsequent reversals (three retention phases in total) were not significantly altered in 2CKO mice (total number of trials: main effect of retention, F (Figure 5a ). On the contrary, when the reward contingencies were reversed, 2CKO mice required significantly more sessions to obtain criterion responding levels in all three stages of the SD/SR task (F 1,22 ¼ 11.29, po0.003; Supplementary Figure S3b Figure S4) . Overall, these findings indicate that functional 5-HT 2C receptors are required to accurately improve responding following imposition of repeated shifts in reward contingency.
DISCUSSION
In the current study, we report that genetic and pharmacological suppression of 5-HT 2C receptor signaling perturbs the diverse aspects of executive function known to be dysregulated in several major psychiatric disorders. 2CKO mice exhibited impaired performance in the acquisition phase of the 5-CSRTT, in a manner indicative of a substantial deficit in attentional function. During performance of this task, 2CKO mice exhibited elevated extracellular dopamine levels in the NAc, a finding in accord with prior evidence that 5-HT 2C receptors suppress ascending dopaminergic pathways (Rocha et al, 2002; Abdallah et al, 2009) and that perturbations of NAc dopamine signaling can impair attention (Cole and Robbins, 1989; Pezze et al, 2007) . In addition to impaired acquisition in the 5-CSRTT, 2CKO mice also displayed impaired serial reversal learning. Interestingly, the phenotype of 2CKO mice in the 5-CSRTT was not mimicked by treatment with the 5-HT 2C receptor antagonist SB242084, which enhanced premature responses in WT, but not in 2CKO mice. This discrepancy between the impact of constitutive loss of 5-HT 2C receptors and that of pharmacological blockade raises the possibility that 5-HT 2C receptor signaling is required for the proper development of neural pathways mediating normal executive function. The most apparent alteration during acquisition training in the 5-CSRTT was the increased frequency of omitted trials in 2CKO mice. Such a result could reflect either diminished motivation or diminished attention (Spinelli et al, 2004; Yan et al, 2011) . Several findings indicate that the elevated rate of omissions was not due to reduced motivation. First, animals were required to nose-poke into the food magazine to start a trial, so that new trial initiation was linked to reward seeking. Second, the increased omission rate in the mutant mice was not associated with a reduction in the total number of trials. And third, the collection latency of the reward, considered a measure of motivation in the 5-CSRTT, was in fact decreased in 2CKO mice. In light of these findings, it is likely that the increase in omission errors made by 2CKO mice reflects a gross deficit in attentional function. This deficit appears to generalize across tasks, as indicated by the increased omission errors exhibited by 2CKO mice in the SD/SR task.
In addition to a perturbation of attentional processes, behavioral flexibility was also impaired in 2CKO mice. We observed that these animals displayed normal initial discrimination learning and retention of an acquired stimulus-reward contingency in the SD/SR task, along with normal performance on the first shift in reward contingency (first reversal). However, 2CKO mice subsequently failed to progressively improve their performance following imposition of repeated shifts in reward contingency. The results observed during initial discrimination training and the first reversal differ from those in a recent study utilizing 2CKO mice (Nilsson et al, 2012) . In this study, 2CKO mice displayed improved performance during initial discrimination training compared to WT littermates, with fewer correct responses to the criterion. In the same study, 2CKO mice exhibited improved performance during single reversal training. Although the factors underlying the discrepancies between these results and our findings are unclear, procedural differences may have played a role. In particular, differences existed in the time allowed for animals to make responses, which highly influences the rate of omission errors (12 s, vs 60 s limited hold times). It is also notable that in the Nilsson et al (2012) study the phenotypic difference may relate to the poor spatial Impact of serotonin 5-HT 2C receptors on executive function L Pennanen et al discrimination performance of the WT littermates of 2CKO mice, which exhibited omission error rates substantially higher than those of 2CKO mice and vehicle-treated C57BL/ 6 mice. Indeed, when the omission errors were excluded from the analysis of the full reversal experiment, no longer was a significant difference between 2CKO and WT mice reported (comparable to our first reversal). The factors underlying the poor performance of the WT group in the Nilsson et al (2012) study are unclear.
Interestingly, the impairment in reversal learning was accompanied by increased perseverative responding (six or more consecutive errors within a session). In contrast, the perseveration index during 5-CSRTT acquisition (additional nose-poking after a correct response was already made) was diminished in 2CKO mice. It is possible that the differing impact of 5-HT 2C receptor loss in the two assays relates to procedural differences. In the 5-CSRTT, perseverative responses had no programmed consequences (were not punished). In contrast, perseverative responses in the spatial reversal task were penalized by a 5-s time out. It is also noteworthy that there is precedence in the literature for experimental manipulations to differentially impact perseverative responding in a task-dependent manner. For example, the NMDA-receptor antagonist MK-801 was reported to selectively disrupt reversal learning in rats by increasing perseveration (van der Meulen et al, 2003) , but also to decrease perseverative responding in the 5-CSRTT (Terry et al, 2012) .
Much work has focused on the key roles played by ascending central dopamine pathways in the regulation of attention and other executive functions (Robbins and Arnsten, 2009; Floresco and Jentsch, 2010) . It is therefore relevant that substantial evidence has established a prominent role for 5-HT 2C receptors in mediating serotonergic suppression of both mesolimbic and nigrostriatal dopaminergic pathways (Alex and Pehek, 2007; Di Giovanni et al, 2008) . In accord with this, 2CKO mice have been found to exhibit electrophysiological, neurochemical, and behavioral phenotypes consistent with disinhibition of these pathways (Rocha et al, 2002; Abdallah et al, 2009) . In line with these data, we find that during performance of the 5-CSRTT, 2CKO mice exhibit an increase in dopamine efflux within the NAc. In light of this finding, it is notable that several studies have found activation of central dopamine pathways to impair attention. For example, systemic activation of dopamine D1 receptors (Bayer et al, 2000; Passetti et al, 2003) and amphetamine treatment (Cole and Robbins, 1987; Harrison et al, 1997; Dalley et al, 2005; Fletcher et al, 2007b , Pezze et al, 2007 produced significant increases in omitted trials in the 5-CSRTT. Moreover, an involvement of the mesolimbic dopamine system is suggested by the finding that amphetamine directly infused into the NAc increased omissions without affecting the accuracy of signal detection (Cole and Robbins, 1987) . Altogether these studies raise the possibility that disinhibited activity of the mesolimbic dopamine system contributes to the attentional deficits in 2CKO mice; however, further studies are necessary in order to establish causality.
In addition to the marked impact of the 5-CSRTT procedure on extracellular NAc dopamine levels in 2CKO mice, the task produced small but significant reductions in 5-HT efflux in both 2CKO and WT mice. The suppression of 5-HT efflux during 5-CSRTT performance has not been previously reported, and neural mechanisms underlying this phenomenon are unclear. The possibility cannot be excluded that subtle phenotypic differences in serotonergic neurotransmission mediated by 5-HT receptors other than the 5-HT 2C receptor may contribute to the observed behavioral phenotypes. Nevertheless, the observed decrease in 5-HT efflux during 5-CSRTT performance is less likely to underlie the phenotypic differences in task performance than the substantial enhancement of DA efflux, as there was no phenotypic difference in the extent to which 5-CSRTT performance diminished 5-HT efflux. It is also noteworthy that prior quantitative receptor autoradiography studies did not reveal significant alterations in the densities of other 5-HT receptor subtypes in any brain region examined in 2CKO mice (Lopez-Gimenez et al, 2002) .
It remains to be established if other brain regions beside the NAc also show aberrant neurotransmitter signaling in 2CKO mice. In addition, alterations in NAc dopamine signaling do not per se indicate that the 5-HT 2C receptor populations relevant for the observed executive function phenotypes are located in the ventral striatum. Indeed, in executive function tasks, a modulatory role of 5-HT 2C receptors within the orbitofrontal cortex and dorsal medial striatum has been reported (Boulougouris and Robbins, 2010; Agnoli and Carli, 2012) . Region-specific inactivation of 5-HT 2C receptors in conditional mutant mice, together with complementary studies of locally injected 5-HT 2C receptor ligands, could shed light on this issue.
Discrepancies exist between the phenotype of 2CKO mice and the effects of pharmacological blockade of 5-HT 2C receptors in the 5-CSRTT. Antagonists such as SB242084 have not been reported to reliably impair measures of attention, but instead they increase premature responding in this task (Winstanley et al, 2004; Fletcher et al, 2007a; Robinson et al, 2008) . Moreover, this drug has been shown to facilitate initial reversal learning, but did not impact adaptation to repeated shifts in reward contingency, in contrast to the impairment of serial reversal learning observed in 2CKO mice (Boulougouris et al, 2008) . Here, we replicate prior observations that SB242084 increases premature responses in WT mice in the 5-CSRTT. In addition, we find that SB282084-induced increases in premature responding were absent in 2CKO mice, indicating that this behavioral effect of the drug is indeed 5-HT 2C receptor-dependent.
We also note a discrepancy between the impact of 5-HT 2C receptor gene inactivation and pharmacological blockade with regard to omission errors. Whereas 2CKO mice exhibited marked and persistent increases in omitted trials on both tasks, SB242084 treatment decreased omission errors under standard, but not under increased ITI conditions in the 5-CSRTT. Previously, SB242084-mediated reductions of omission errors had been reported in some, but not all studies (Winstanley et al, 2004; Fletcher et al, 2007a; Boulougouris et al, 2008; Robinson et al, 2008; Nilsson et al, 2012) . In our 5-CSRTT study, SB242084-mediated reductions of omission errors in WT mice were accompanied by increases in numbers of trials performed and decreases in correct response latencies. These findings raise the possibility that SB242084 treatment enhanced motivational state in WT mice. A number of factors can account for differences in the impact of htr2c gene inactivation and pharmacological blockade of 5-HT 2C receptors on performance in the 5-CSRTT and SD/SR tasks. First, an important consideration in the interpretation of behavioral phenotypes in mice bearing constitutive null mutations is the possibility that they can reflect the effects of the mutation on brain development. In accord with this possibility, a large body of evidence indicates that genetic perturbations of components of the serotonin system are associated with impaired executive function (Chamberlain et al, 2006; Cools et al, 2008; Enge et al, 2011; Angoa-Perez et al, 2012) . Second, in the pharmacological studies, drugs are typically administered after task acquisition had been performed in untreated animals. This contrasts with the situation in 2CKO mice, which lacked 5-HT 2C receptor function throughout task acquisition. Finally, an additional consideration relates to the effects of SB242084 on 5-HT 2C receptor signaling. Although this compound is considered to be an antagonist at 5-HT 2C receptors, a study in cultured cells indicates that its actions may be more complicated (De Deurwaerdere et al, 2004) . Whereas SB242084 was found to act as an inverse agonist (suppresses constitutive activity) with regard to the phospholipase A2 and Ga i pathways, it displayed mild agonist activity at the phospholipase C pathway (De Deurwaerdere et al, 2004) . It is also notable that the effects of SB242084 treatment in freely behaving animals was found to differ from that of another 5-HT 2C receptor compound (SB206553), which possesses inverse agonist activity for all three of the above-mentioned intracellular signaling pathways (De Deurwaerdere et al, 2004) . Whereas SB206553 enhanced striatal dopamine efflux, SB242084 did not (Gobert et al, 2000; Hutson et al, 2000) . However, it remains to be established how these drugs would affect dopamine release during performance of a visual spatial attention task.
In general, distinguishing the effects of stimulated vs constitutive actions of 5-HT 2C receptors on tasks of executive function would be an interesting aim for future studies. Thereby, analysis of the behaviors elicited by SB206553 or shown by mutant mice with altered RNA editing patterns of 5-HT 2C receptors would likely provide further insight into the role of 5-HT 2C receptors in executive function. In this regard, it is notable that a 5-CSRTT phenotype has been recently reported in a mouse model with altered 5-HT 2C receptor function. Mice engineered to recapitulate features of the PWS (PWS-IC þ / À mice) were found to have increased 5-HT 2C receptor editing, leading to the expression of less active receptor isoforms (Doe et al, 2009) . Interestingly, similar to our findings, PWS-IC þ / À mice required significantly more sessions to reach the baseline criterion in the 5-CSRTT. Moreover, attentional function was impaired, as indicated by increased omission errors and reduced accuracy at baseline (Relkovic et al, 2010) . Although the genetic perturbation in PWS-IC þ / À mice produces diverse effects beyond changes in 5-HT 2C receptor expression, the similarities between the PWS mouse model and 2CKO mice further highlight a potential role of 5-HT 2C receptors in the serotonergic modulation of visuospatial attention.
The current results indicate that the 5-HT 2C receptor subtype modulates executive control processes, such as visuospatial attention and reversal learning. Evidence of enhanced NAc dopamine efflux in 2CKO mice during task performance raises the possibility that disinhibited mesolimbic dopamine system activity contributes to these behavioral deficits. A recent study in humans confirms a role for 5-HT 2C receptors in regulating NAc dopamine release: an allelic variant of htr2c at the N-terminus of the receptor protein was associated with enhanced stressinduced striatal dopamine release (Mickey et al, 2012) . The clinical relevance of our results is further highlighted by studies demonstrating that central serotonin and dopamine systems interact anomalously in ADHD (Oades, 2008) . With regard to a possible involvement of 5-HT 2C receptors in ADHD, two studies report changes in the allelic distribution of two polymorphisms in the promoter region of the 5-HT 2C receptor gene in ADHD populations (Li et al, 2006; Xu et al, 2009) , although not all studies have revealed an association (Bobb et al, 2005; Brookes et al, 2006) . Although mutations resulting in the complete absence of 5-HT 2C receptor expression have not been reported in humans, the potential relevance of 2CKO mice to ADHD is further suggested by the expression of several behavioral phenotypes relevant to this syndrome, including attentional impairment, reduced behavioral flexibility, physical hyperactivity, and obesity (Tecott et al, 1995; Itami and Uno, 2002; Nonogaki et al, 2003; Dempsey et al, 2011; Cortese and Vincenzi, 2012) . Thus, it is possible that insights into how a more robust genetic perturbation (knockout) of 5-HT 2C receptor function impacts executive function may facilitate attempts to understand the neural mechanisms through which common more subtle genetic alterations of 5-HT 2C receptor function impact disease pathophysiology.
